The intersubband transitions in single, double and triple Si δ-doped GaAs structures are theoretically studied for different applied electric fields. Electronic properties such as the confining potential, the subband energies and the eigen envelope wave functions have been calculated by solving the Schrödinger and Poisson equations self-consistently. We have seen that the intersubband transitions are very sensitive to the type of structure and are dependent on the applied electric field. The electric field and structure dependence of the intersubband optical absorption is interesting for potential device applications in a class of photodetectors and optical modulators.
Introduction
One of the effective methods for obtaining a high concentration of two-dimensional electron gas (2DEG) in semiconductor structures is δ-doping, in which an impurity is concentrated in a very thin layer, which ideally consists of only one sheet of atoms. Silicon is usually used as the n-type dopant in GaAs growth using molecular beam epitaxy (MBE). δ-doped semiconductors have been of growing interest since the discovery of quantum-mechanical potential formation by artificial variation of dopant concentration [1] [2] [3] [4] [5] . Such δ-doped semiconductor structures are important for various devices such as high-power FETs and infrared devices based on the intersubband transition of electrons.
The optical properties of 2DEG in semiconductors have been studied recently because of the possibility for novel quantum devices and physics. Both interband and intersubband optical absorption in quantum well (QW) structures [6] [7] [8] and in δ-doped semiconductors [9] [10] [11] [12] [13] and emission (luminescence) in QWs [14] [15] [16] [17] have been studied before. Intersubband absorption in QWs has been proposed or demonstrated experimentally to be very useful for farinfrared detectors [18, 19] , electro-optical modulators [20, 21] and infrared lasers [22] . One of the most remarkable feature of 2DEG is the intersubband optical transitions between the size quantized subbands in the same band. The effects of the external electric field applied to two-dimensional structures have been studied by several authors [23] [24] [25] [26] [27] [28] . The electric field dependence of the intersubband optical absorption is also interesting for potential device applications. The effects of external electric fields on electronic and optical properties of semiconductors QWs have been extensively studied before [29] [30] [31] [32] [33] . Radovanovic et al [32] have used different approaches for QW profile optimization with respect to both the Stark effect and the magnitude of absorption, and they have noted that deep QWs are good tunable absorbers, and their use as photodetectors would have to rely on resonant extraction of electrons from the excited state. Also, for intersubband absorption, doping is very important to provide the carriers for the ground subband. Sasagawa et al [12] have shown that the δ-doping leads to an increase of intersubband absorption intensity. This feature is important in some infrared optical device applications based on intersubband transition of electrons.
In this paper, for uniform distribution we have calculated theoretically the electronic structure of n-type single, double and triple δ-doped GaAs by solving the Schrödinger and Poisson equations self-consistently, at T = 4.2 K. In our previous studies, the effects of diffusion of donor impurities along the growth direction for single δ-doped GaAs [34, 35] and for two coupled δ-doped layers [36] [37] [38] have been given. We have investigated for three different structures (SW, DW, TW) the influence of the applied electric field on the intersubband transitions, where SW denotes a single δ-doped layer, DW denotes two coupled δ-doped layers in which the separation between the doped layers is 100 Å and TW denotes three δ-doped layers in which the separation between two adjacent doping layers is 100 Å. We conclude that the intersubband optical absorption is quite sensitive to the type of structure and the applied electric field.
Theory
Within effective-mass approximation, we have calculated the confining potential, the subband energies and the eigen envelope wave functions self-consistently by solving simultaneously the Schrödinger and Poisson equations. The δ-doped layer is assumed to be inserted into an infinite QW with width L 0 . For the system, the one-dimensional Schrödinger equation is given by
and
where m * is the electron effective mass, z is the direction perpendicular to the δ-doped layer, V H (z) is the effective Hartree potential, V xc (z) is the exchange-correlation potential and F is the strength of the applied electric field. The exchange-correlation interaction on the electronic confinement and the subband structure is only very weak in δ-doped structures with high doping concentrations [39, 40] . Hence we can confidently neglect this effect. The Hartree approximation for the confining potential, V H (z), is obtained by solving the Poisson equation.
The electron charge density is given by
The temperature-dependent concentration of electrons in the ith subband depends on the Fermi energy according to
where ε is the GaAs dielectric constant, N d (z) is the total density of ionized dopants, i is subband index, n d is the number of filled states, k B is Boltzmann's constant, T is the temperature and E F represents Fermi energy. The calculation also yields self-consistently the position of the Fermi level, from the condition that the total number of electrons must equal the total number of donors, i.e. for SW i n i = N (1)- (5) gives the electronic properties for the Si δ-doped GaAs structure.
After the confined-potential profile, the subband energies and their corresponding wave functions are obtained, the linear absorption coefficient, α(ω), for the intersubband transitions can be clearly calculated as
with the matrix element
where E fi (= E) = E f − E i , E i and E f denote the quantized energy levels for the initial and final states, respectively, µ is the permeability, c is the speed of light in free space, L eff is the effective spatial extent of electrons in subbands, n r is the refractive index and τ in is the intrasubband relaxation time (where τ in is a constant and uses the numerical value of 0.14 ps following [29] ).
Results and discussion
For different applied electric fields we have investigated the intersubband transitions of the SW, DW and TW Si δ-doped GaAs layer with L 0 = 600 Å, total N figures 1(a)-(c) for F = 0, the variation of the absorption coefficient, α(ω), is given for different intersubband transitions as a function of the photon energy for SW, DW and TW, respectively. The insets show the effective δ-potential profile (dashed curves) and the subband energies with their squared envelope wave functions (solid curves). In the absence of an applied electric field (as seen from figure 1), the effective potential has the characteristic symmetric profile, the squared wave functions of the subband energies are symmetric around the GaAs layers, the transitions (1-3, 2-4) are forbidden and the intersubband transitions (1-2), (2-3) and (3) (4) are dominant for SW, DW and TW, depending on the change in energy difference between subbands, respectively.
For F = 40 kV cm −1 , figures 2(a)-(c) show the absorption peak of the intersubband transitions for SW, DW and TW, respectively. The insets represent the effective δ-potential profile (dashed curves) and the subband energies with their squared envelope wave functions (solid curves). In our previous work [28] , we have calculated the influence of the applied electric field on the effective confinement potential and subband energy levels. Depending on the increase in electric field, the symmetric potential profiles are tilted and the symmetric character no longer exists, and a secondary, third and fourth QW appears at the left-hand side of the left barrier for SW, DW and TW, respectively. These new QWs are more evident at a high applied electric field. The forbidden transitions (1-3, 2-4) for F = 0 become possible when F is nonzero because the parity that prohibits the transitions (1-3, 2-4) no longer exists when F is nonzero. Thus in the asymmetric structures we have more subband transitions. As expected, a large variation of E arises due to the applied field. From figure 2 we see that the intersubband absorption coefficient is changed in energy with increasing electric field over a wide range of the electric field. When the applied field increases, the excited subband energies, the Fermi energy level and the number of filled states decrease because in the asymmetric structures the higher subband energies, which are more energetic with respect to the ground state energy, can easily penetrate into the left-hand side of the left barrier; thus, their energies decrease. As seen from figures 2(a)-(c), for F = 40 kV cm −1 the number of filled states is three; the (2-3) intersubband transition is dominant in magnitude for each other structure type. We can say that an increasing electric field modifies further separation between subbands, and thus the energy differences and the absorption peaks change in magnitude as the electric field increases.
For F = 80 kV cm −1 the number of filled states is two, and in figures 3(a)-(c) the absorption peak of the (1-2) intersubband transition is shown for SW, DW and TW, respectively. The insets represent the effective δ-potential profile (dashed curves) and the subband energies with their squared envelope wave functions (solid curves) for this electric field strength. Because an increasing electric field pushes the electrons to the same side of the well for all states, depending on the type of structure, both the energy difference between the ground and first excited subbands ( E = E 2 − E 1 ) and the overlap function between these subbands change. It is shown that an increasing electric field changes the δ-potential profiles and the separations between subbands for all structures; thus the energy differences and the absorption peaks change in magnitude as the electric field increases.
The energy differences between subbands for SW, DW and TW are given for different electric fields in table 1. As seen in this table, the changes of E are very sensitive to the applied electric field and the type of δ-doped GaAs layer. The results open the possibility of designing some infrared optical devices.
In conclusion, we have theoretically calculated the intersubband optical absorption in SW, DW and TW Si δ-doped GaAs structures, depending on the applied electric field. To determine electronic properties such as the confining potential, the subband energies and the eigen envelope wave functions, self-consistent calculation of the Schrödinger and Poisson equations was used. From our calculations, we conclude that the magnitude and position of the absorption peaks for intersubband transitions are very sensitive to the applied electric field and the type of δ-doped GaAs structure. The forbidden transitions (1-3, 2-4) when the electric field is zero become possible when the electric field is nonzero. In Si δ-doped GaAs structures the electric field dependence of the intersubband optical absorption is important for various device applications such as photodetectors, optical modulators, highpower FETs and infrared devices based on the intersubband transition of electrons. The results open the possibility of designing devices for use as optical filters and high-speed electro-optic modulators controlled by an applied electric field, depending on the type of δ-doped structure.
